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Abstract. 
Achieving adequate coverage with high gain antennas is key to realizing the full promise of the 
wide bandwidth available at mm/cm bands. We report extensive indoor measurements at 28 GHz, 
with over 1000 links with and without Line-of-Sight (LOS) using a specialized narrowband 
channel sounder, capable of reliable measurements up to 171 dB path loss to characterize 90% 
coverage. Azimuthal power spectra were captured with 1-deg granularity using a 10o receive horn 
spun at speeds up to 300 rpm. Measured path gain–distance dependence in LOS and NLOS are 
well represented by power-law models, with 3.1 dB standard deviation in NLOS, and by a mode-
diffusion model with 3.5 dB RMS error. Excess loss at 28 GHz suffered in turning a corner or into 
a room was found to be 30 and 32 dB respectively, in contrast to 20 dB found previously at 2 GHz. 
Degradation of azimuthal gain by scattering was within 4 dB in the hallway and 7 dB inside a 
room with 90% probability. System simulations in a canonical building indicate that every hallway 
needs an access point to provide 1 Gbps rate in 90% of locations using 1 GHz of bandwidth. For 
stationary terminals, with temporal fading caused by pedestrians, long term average-power-based 
aiming was within 3.7 dB of rapid beam switching in 90% of high traffic locations. 
  
I. INTRODUCTION 
The wide spectrum available at cm/mm bands promises very high rates. However, higher free-
space, scattering, transmission and diffraction losses in these bands must be overcome. The 
increased gain from a same size antenna may more than overcome these losses. Scattering reduces 
the effective gain of the antenna, while temporal fluctuation affects the beam adaptation rate 
requirements. We collected a statistically significant set of path gains, effective antenna gains as 
well as fluctuation characteristics to reliably describe performance at 90% of locations in a typical 
indoor office environment.
 
Indoor LOS/NLOS measurements and models at 28 GHz and 73 GHz, using wide-band, 
directional sounders were reported in [5], for 5 Tx locations and 33 Rx locations. There were 165 
possible Tx-Rx location combinations, of which 48 had adequate SNR to report a measurement 
result. For the purposes of path loss modeling, the power collected over multiple delays was added. 
The resulting values of received power were used to define a “directional” path loss, i.e. specific 
to a particular combination of Tx-Rx antenna aim directions, as well as added over all directions, 
defining an “omnidirectional” path loss, comparable to that which may be measured at the same 
location by an omni antenna. Measurements collected in LOS conditions, but with antennas not 
aimed at each other were labeled as “NLOS”. Reported results included power law parameters of 
path loss vs. distance (slope-intercept on a logarithmic scale), as well as delay spreads.  
Mehmood, et. al. [8][9] reported indoor measurements of path loss, delay spread and 4x4 MIMO 
capacity. It was found that in NLOS the losses were about 30 dB higher than at 2.55 GHz, 4x4 
MIMO capacity was similar at 2.55 GHz and 24 GHz, both about 25% less than the iid case, 
  
indicating similarly rich multipath. Path loss measurements were reported as cumulative 
distributions, complicating interference estimates and extensions to other buildings. 
The mmMagic project [9] reports on measurements in a variety of environments, including 
indoors.  The indoor locations were a set of about a dozen links, with only one receiver location 
for LOS and only one for NLOS. The reported path loss was found to follow a power law with 
distance. 
Koymen et al. [7] measured indoor offices with hallways and corners at 2.9 GHz and 29 GHz. The 
respective LOS path loss exponents were 1.6 and 1.4, using limited measured data, with 
corresponding RMS errors of 5.3 dB and 4.3 dB. For NLOS measurement, which is a mixture of 
data including propagation into offices and around corner(s), a dual-slope path loss model is 
adopted with the second path loss exponents of 4.9 and 5.2, and RMS errors of 5.8 dB and 7.6 dB. 
Their indoor measurements were extended [19] to 61 GHz and to shopping mall settings where a 
minor increase in the path loss exponents with frequency were reported, with RMS errors 
exceeding 9 dB for all the three frequency bands. 
J. Ko et al.[18] measured the indoor propagation around the atrium inside a five-story building at 
28GHz using 10o (HPBW) directional horns for both LOS and NLOS scenarios, with 35 TX-RX 
links in total. The path loss exponents were found to be 1.73 for LOS and 1.53 for NLOS using 
slope-intercept fit, and the low path loss exponents were attributed to the waveguiding mechanism. 
Deng et al. [11] measured diffraction loss around sharp corners using a CW sounder at 10, 20, and 
26 GHz. The Tx is placed at 2m from the edge and the Rx horn (17-deg HPBW for 10/20 GHz, 
and 11-deg for 26 GHz) is placed at 1m from the edge, moving along a quarter-circle trajectory 
with about 0.5-deg granularity. Compared to the Knife Edge Diffraction model, the measured data 
  
yields 5 to 6 dB RMS errors for different materials. That study concentrated on diffraction alone 
while current measurements include all propagation mechanisms (diffraction, reflection, 
penetration) as they arise. 
The 3GPP (38.901) channel model [13] extends to mm wave bands previously developed models 
covering path gain, spatial and delay characteristics of the channel. In the work reported here new 
findings will be compared against 3GPP recommendations. 
Results for indoor temporal fade dynamics at 30 GHz were reported in [16].  In contrast to our 
work, this study is limited short-range links compatible with the use of low-gain wide-beam 
antennas, with omnidirectional elements at the user terminal.  It does not include the evaluation of 
angular diversity gains that result from the use of steerable directional antennas 
Thus, there is a need for additional measurements to reliably characterize 90% coverage with beam 
steering antennas in a typical office building that includes all relevant propagation mechanisms. 
We answer these questions with a specially constructed narrowband channel sounder, allowing 
rapid measurements of directional channel response, with large dynamic range (even in the 
absence of antenna gain). Fast data collection allows both an assessment of channel fluctuation 
scale as well as permitting rapid gathering of statistically significant data. 
We separate, as is traditional, the path gain measurements from the directional aspects of the 
channel. This is done by averaging over all directions the received power to provide an effective 
average power that an omni antenna would have measured. Directional (azimuthal) gain is 
estimated separately from normalized angular spectra. To gain better understanding of the NLOS 
path loss dependence on frequency and on distance, we propose a new slope-intercept model for 
propagation in hallways with turn around corners. This new model yields RMS errors less than 4 
  
dB for measurements conducted at two different buildings at 28 GHz and for the around corners 
data at 24 GHz reported in [8]. Part of the path loss results reported here will be presented at IEEE 
EUCAP, 2018 [20]. 
The rest of the paper is organized as follows: measurement equipment and environment are 
described in Section II, path gain measurements and models are described in Sections III and IV, 
effective azimuth gain in Section V. Temporal fades and diversity gains are reported in Section 
VI. System performance estimates based on current findings are presented in Section VII, followed 
by Conclusions in Section VIII. 
II. MEASUREMENT DESCRIPTION 
A. Measurement equipment 
To maximize link budget and data collection speed, we constructed a narrowband sounder, 
transmitting a 28 GHz CW tone at 22 dBm into a 55o (10 dBi) horn. The receiver is a 10o (24 dBi) 
horn, connected to low-noise amplifier, a mixer, and a power meter, with a 20 kHz receive 
bandwidth and effective noise figure of 5 dB.  The transmitter and receiver have free running LOs, 
with a frequency accuracy of 10-7. The receive horn was mounted on a rotating platform allowing 
a full angular scan every 200 ms. The receiver records power samples at a rate of 740 samples/sec, 
using an onboard computer. The system was calibrated in the lab and anechoic chamber to assure 
absolute power accuracy of 0.15 dBm. The full dynamic range of the receiver (from noise floor to 
1 dB compression point) was found to be 50 dB, extensible to 75 dB using switchable receiver 
amplifiers. In combination with removable transmit attenuators, measurable path loss allowing at 
least 10 dB SNR ranged from -62 dB (1 meter in free space) to -137 dB (200 m range with 30 dB 
excess loss). Measurable path loss extends to 171 dB with directional antenna gains.  
  
The rotating 10o horn receiver was tested in an open field at a range of 40 meters from the 
transmitter. The measured receive pattern is seen in Figure 1 to be within 1 dB of that measured in 
the anechoic chamber, down to -40 dB. 
 
Figure 1. LOS measurements in open field match the anechoic measurements to -40 dB.  
 
B. Measurement environment 
Measurements were performed in two buildings. The Bell Labs building in Crawford Hill, NJ has 
a 110 m long corridor, of 1.8 m width, lined with rooms. The interior walls mainly conceal 
plywood closets. LOS measurements were conducted in this hallway. In NLOS cases, one antenna 
was placed in a room while the other was placed in the hallway at different ranges. NLOS 
measurements were also collected around the corner of an intersection of such hallways. The 
building at Universidad Técnica Federico Santa María (UTFSM) Valparaíso, Chile also has long 
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corridors, of 2.9 m width, lined with offices and laboratories. The interior walls are a mixture of 
sheetrock and concrete walls.   
 
Figure 2. Corridor lined with rooms used for measurements in Crawford Hill, NJ. 
 
III. PATH GAIN DEFINITION AND MEASUREMENTS 
Path gain for each measured link is computed by averaging power over all angular directions. The 
goal here is to reproduce the local average power as would be obtained from a spatial average of 
omni antenna measurements, justified below. 
The response of a receive antenna in direction 𝜙𝑛 is a circular convolution of the (unknown) 
complex directional channel response ℎ(𝜙)and a complex antenna (field) response 𝑎(𝜙),   
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The (deterministic) average power over all directions follows as  

 



 




2
0
*
2
0
2
0
*
2
0
2
all
)( )(
2
1
 )( )( )( 
2
1
nnn
nn
aad
hhddrdP
   (3) 
The expected value of the above average, under the uncorrelated scattering assumption  
〈ℎ(𝜙′)ℎ∗(𝜙′′)〉 = 𝑃(𝜙′)𝛿(𝜙′ − 𝜙′′), is thus: 
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Transmitter and receiver were placed in the same hallway, at ranges from 1.8 m to 76 m, every 
0.9 m (3 feet) in NJ and from 2 m to 55 m in Chile (every 0.5 m), resulting in a total of 226 LOS 
links. Measured path gain dependence on distance d in LOS, shown in Figure 3, to be well 
represented by the power law 
(dB)     log 17.6 - 61 -= 10LOS dP      (5) 
with a RMS deviation of 3.14 dB All distances are in meters. The decay with distance is slower 
than the power of 2, expected in free space, consistent with guiding in the hallway. This is similar 
  
to the LOS observations in the same hallway at 2 GHz [15], once the intercept is scaled with 
frequency f, as f 2.  Best-fit intercept above turns out to be within 0.4 dB of the Friis free space 
value at 1 m. 
 
Figure 3. Measured path gain in Crawford Hill, NJ. 226 LOS links and 600 corridor-room links (8 rooms). 
Different symbols indicate measurements in different rooms.  Path gain data, collected in corresponding 
conditions in a University building at UTFSM in Chile, was entirely consistent with the NJ data. 
 
NLOS link measurements were made with the high directivity (spinning) horn in the hallway, the 
low directivity horn in different offices and vice-versa, at ranges from 1.8 to 70 m, for a total of 
600 measured NLOS links, using 8 offices. Each link measurement lasted for 10 seconds and 
consisted of over 15 full azimuthal scans, each with 360 power measurements. Path gain data, 
collected in corresponding conditions in a University building at UTFSM in Chile, was found to 
be entirely consistent, in distance-dependence and RMS deviation, with the NJ data, despite 
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apparent differences in interior wall composition and corridor width, allowing the data to be 
combined. Measured NLOS path gain, shown in Figure 3, was found to be well represented by  
(dB)  log 216.87 10NLOS dP       (6) 
There is a 32 dB excess pass loss over LOS measurements at the same range, in contrast to the 
corresponding 20 dB found at 2 GHz [15].   The RMS deviation from the slope-intercept fit was 
3.2 dB, distributed within 0.5 dB of the corresponding lognormal distribution, at outage levels 
from 5% to 95 %. 
Notably the 3GPP [13] NLOS model for a more heterogeneous environment of office-office and 
open-cubicle links as well as measurement results reported in mmMagic [9] show around 12 dB 
RMS error when compared to our findings. The data set in [9] consisted of a single Rx location 
and a dozen Tx locations, as compared to over 500 links measured here.  
The model in [15] was found to be within 3.1 dB RMS error of path gain measurements and 15% 
of MIMO capacity measurements at 2 GHz both in LOS and NLOS environments in the same NJ 
building as current measurements. In the model, the hallway is a lossy waveguide, and room 
interiors are diffusely scattering regions. Evaluating the same model at 28 GHz to compare against 
current data, resulted in RMS errors under 3.4 dB in both LOS and NLOS. The modal theory, 
produces a beating pattern corresponding to multiple reflections from the walls, floor and ceiling. 
The linear fit to the prediction, shown in Figure 3, has a 3.4 dB RMS prediction error. The 
theoretical path gain in NLOS corridor-room case, also shown in Figure 3, has the RMS prediction 
error of 3.3 dB. 
IV. PATH LOSS MODEL FOR INDOOR HALLWAY-TO-HALLWAY WITH TURN AROUND CORNERS 
  
To evaluate the path loss suffered after turning hallway corners, 119 link measurements were 
collected in Holmdel, NJ and 299 in Valparaíso. Examined cases included two parallel corridors 
connected by a perpendicular one of length D2 m, as illustrated in Figure 4. The transmitting 
antenna was placed at 1 m increments along the 100 m path shown in dotted lines in Figure 5 while 
the receiver was placed at D1 m to the left of the connecting corridor. Since most of the energy is 
guided into the corridors, it is reasonable to describe the propagation loss versus the ‘Manhattan” 
distance, d, as traveled along the route. 
We propose a single slope path loss model with a fixed loss per turn. Then, for hallways with up 
to two turns, 
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Where PL1 the intercept chosen to be the free space path gain at one meter, n = -1.81 is the path-
gain exponent (i.e., the slope), and PLS = -18.7 dB is the around-corner fixed loss per turn, 
determined by curve-fitting to the entire set of 418 link measurements. Above, 𝒅 is the “Manhattan 
distance” between the transmitter and the receiver, 𝑫𝟏 and 𝑫𝟐 are the length of the first and the 
second segments, respectively, and  𝑿𝝈  is the log-normal variation with standard deviation 
dB 0.3 .  
  
 
Figure 4. HOH and UTFSM measurements are done inside buildings with hallways and intersections where the 
transmitter moves meter-by-meter along the dotted line trajectory and the receiver is placed at a fixed location 
inside the hallway. At HOH two sets of data are collected with the receiver located at different ends of a “Z-
shaped” line trajectory, whereas at UTFSM three sets of data are collected along a “L-shaped” line trajectory 
with the receiver located at 𝐷1=17, 27, and 37 meters, respectively, from the corner. 
 
The proposed single-slope model is very robust. Fitting each building data separately yield minor 
changes of the slope and turn loss: (n = -1.82, PLS = -18.2 dB) for HOH two-corner data vs. (n = -
1.79, PLS = -19.4 dB) for UTFSM one-corner data.  Swapping antenna locations, i.e.,   fixing the 
transmitter and moving the receiver to 99 measurement places around the corner, resulted in a RMS 
error of 3.9 dB. An even simpler model using just free space loss for the route length plus 30 dB per 
corner gives RMS error of 5.4 dB. We applied the model to the around corners data reported by 
Mehmood et al. ([8]) for their 24 GHz indoor MIMO measurements. By choosing the slope and 
intercept from the line-fitting to the LOS segment (i.e., before the first corner) and adjusting the fixed-
turn-loss by f 2 (i.e, PLS = -17.4dB for 24GHz as compared to PLS = -18.7dB obtained from our 28GHz 
data), we obtain a RMS error of 3.6 dB. 
  
  
 
Figure 5. The scattering-inspired path loss model yields slope of n = -1.81, turn loss of PLS = -18.7dB, 
and RMS error of 3.0dB when fitting to data from 418 measurement places: (upper) HOH two-turn data 
with 119 points; (lower) UTFSM one-turn data with 299 points. 
 
V. AZIMUTH GAIN MEASUREMENTS  
It is essential to compensate for the high propagation losses in cm/mm wave bands through high 
antenna gain. As discussed in the previous section, the effective pattern of an antenna is the 
convolution of its nominal pattern (as measured in an anechoic chamber) and the channel angular 
response. This widens the effective antenna pattern, reducing its effective gain. In all cases, the 
azimuthal gain is defined as the ratio of the maximum power to average power over all angles: 
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The degradation of azimuthal gain for a linear array of omnidirectional elements is illustrated in 
Figure 6 for 3 cases: specular (no spread) where the gain scales linearly and indefinitely with the 
number of elements (effective aperture), gain according to 3GPP 38.901 UMi NLOS model, which 
is seen to saturate as the array length increases and finally full isotropic scatter where no gain is 
realized at all. Below we report the effective azimuthal gain measured in our indoor environments. 
 
Figure 6. Effective directional antenna gain is limited by the channel angle spread 
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Sample power angular spectra measured in NLOS, with spinning Rx in the corridor and in a room 
are illustrated in Figures 7, where the greater scattering in the room is evident. In LOS (not shown), 
the measured patterns are narrow, as expected from guiding in a lossy waveguide.  
 
Figure 7. Sample measured power azimuth spectra in NLOS, with spinning Rx in hallway (blue) and 
room (black) 
 
The empirical azimuthal gain distributions are shown in Figure 8, where it may be seen that a 90th 
percentile azimuthal gain degradation from the ideal (14.5 dBi in anechoic chamber) is about 2.5 
dB is LOS and 7 dB in a room. The implication is that, as expected, a high gain antenna is much 
more effective in a non-cluttered than in cluttered environment. When the directional AP antenna 
in the corridor is serving a terminal inside a room adjoining the corridor, the 90% gain degradation 
is 4.5 dB. This is the case of likely deployment and may be contrasted with the beam degradation 
estimates from the 3GPP 38.901 recommendation [13] which specifies the 90% indoor NLOS 
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channel azimuth spread at the base (aka AOD) as 17o.   The corresponding effective beam gain 
degradation, estimated by convolving the channel and antenna patterns, is 10 dB. The lower 
degradation found here is likely due to the relatively narrow beam spread in the corridor, even in 
NLOS.    
Observations of room power spectra, as in Figure 7, suggest that most arrivals occur within an 
angular range of 60o, centered around the direction towards the (“hot”) wall adjoining the corridor. 
The actual realization of the peak varies within this range. This suggests that a beam-aiming 
antenna performance there be modeled as selecting the best beam within such a range. The 
resulting azimuthal gain is 10log10(360/60)+best beam selection gain. For a 10
o antenna used here, 
the best beam selection gain is best beam out of 60/10=6. The strengths of the 6 beams are assumed 
to be iid Rayleigh distributed. The resulting numerical simulation of the azimuth gain is within 0.5 
dB of the observed distribution. 
  
 
Figure 8. Effective azimuth gain distributions collected in Crawford Hill, NJ. 
 
It was found that in UTFSM that while effective azimuth gains in LOS corridor are very similar to 
the results in NJ, in the case of NLOS, placing either the high gain spinning receiver in the room 
or in the corridor resulted in essentially indistinguishable distributions, seen in Figure 9. The 90% 
effective azimuth gain degradation was about 4.5 dB from the ideal gain, with rooms apparently 
less scattering, while the hallway was (slightly) more scattering than in NJ. 
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Figure 9. Effective azimuth gain distributions collected in UTFSM, Chile. 
 
VI. TEMPORAL FADES AND DIVERSITY GAINS  
We measured angular spectra in the presence of pedestrians in indoor settings concentrating 
exclusively on the static UE cases where the base services users that remain at a location for an 
extended period. Measurements were done in a large atrium that leads to hallways, where a daily 
recurring pattern of traffic allowed repeated measurements under similar conditions. We placed 
the rotating antenna at a height of 2.3 m above floor level, i.e., above people’s heads, and the fixed 
transmit antenna at a height of 1.3 m. The support structure of the latter kept pedestrians 0.5 m 
away from the horn antenna, but no other effort was made to impede the normal flow of people.  
We chose two representative situations: (a) “Low traffic” where no more than 5 persons are within 
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the antenna’s first Fresnel zone at any time and their movement is slow, sitting or standing still; 
(b) “High traffic” where this number is around 15 or larger and most of them are moving at normal 
walking speed. For both traffic conditions we measured 18 LOS and 18 NLOS links using the 
rotating platform, where the LOS/NLOS classification of links corresponds to their condition in 
the absence of pedestrians. The length of these links ranged from 15 to 40 m and each time-record 
was 3 to 5 minutes long. The temporal fade statistics for each link were obtained after normalizing 
with respect to the temporal average power to remove the effect of distance-dependent path-loss. 
Combining the data thus yields statistics reflecting a random choice of time and spatial position.  
Our general observation was that typical angular spectra concentrated over 90% of the power 
obtained in azimuth scans in no more than 3 dominant directions. Moreover, these best directions 
were little affected by the presence of moving pedestrians and corresponded to beams pointing at 
each other under LOS conditions, or antennas aimed along hallway directions and into the hallway 
from the atrium placement. 
To capture the dynamics of fades, which were reported [17] to only have durations in the order of 
10 milliseconds, we also measured continuously in a single direction for 3 links of each type 
(low/high-traffic + LOS/NLOS). The directions were chosen as those which on average exhibited 
the strongest power. We discuss below our two basic findings: the severity of fades and the 
potential benefits of mitigating them through beam switching.  
A. Fade depth and fade dynamics 
To establish the fade severity, for all four types we generated the CDFs of fade depth from the 
direction which at each location yielded the highest temporal average power. We list in Table 1 
  
the 90-percentile fade depth where is calculated based on no less than 600,000 power samples for 
each type. 
High-traffic/LOS -4.1 
High-traffic/NLOS -4.1 
Low-traffic/LOS -2.7 
Low-traffic/NLOS -2.3 
Table 1: 90-percentile fade depth in [dB] for the “best average directions” for each type. 
 
For the High-traffic cases the CDFs of fades were found to be a perfect match to a Ricean 
distribution with a K-factor of 6.5 dB. For Low-traffic, the K-factor estimate obtained using the 
two-moment method was around 10 dB. We also obtained the fade statistics for the second 
strongest average direction. These were also found to be close to Ricean-distributed, but with K-
factors typically lower by 2 dB.  For compactness, we have omitted the corresponding graphs.  
Fixed-direction measurements allowed us to measure power at 740 samples per second and 
determine fade durations. We here present the results obtained for fades that exceeded 5 dB and 
10 dB. This is shown in Table 2, where we list the 10th, 50th, and 90th percentile duration under 
both traffic conditions and link characteristics. We note that the 10-percentile shortest fades 
correspond to the measurement limit of our sampling system and that 90-percentile fade duration 
is significantly shorter than our angular scanning period.  Despite the difference in the scenarios, 
the median values are consistent with the results reported in [16] 
We also calculated correlation times, defined as the time required for the autocovariance of the 
envelope samples to drop to 0.5. Since the observed processes may be non-stationary, we 
segmented our records into 10-second long subintervals, which proved to be long enough for the 
autocovariance estimate to drop to negligible values. We found that the median coherence times 
  
were less than 100 ms for LOS links and less than 50 ms for the NLOS case. This is longer than 
reported in [16], probably because our antennas are highly directional, which reduces multipath 
effects.  
Percentile 
Condition  
10% 50% 90% 
5 dB 10 dB 5 dB 10 dB 5 dB 10 dB 
Low Traffic LOS 1.4 1.4 4.2 5.0 46.7 74.0 
High Traffic LOS 1.4 1.4 6.8 5.3 58.0 50.3 
Low Traffic NLOS 1.4 1.4 2.8 2.7 10.8 9.3 
High Traffic NLOS 1.4 1.4 2.9 2.8 12.3 8.3 
Table 2. 5 dB and 10 dB fade durations [ms]. 
 
B. Angular selection diversity vs. fixed direction transmission 
The above results show that fades are in general moderate in depth and that their duration is of the 
order of a few milliseconds. Power samples separated by a full angular scan of our system will be 
essentially uncorrelated.  If fades at a given direction are to be countered by choosing the antenna 
aim that at each instant yields the strongest power, the angular spectra would need to be updated 
at intervals of the order of a millisecond.  This update rate is also necessary to calculate angular 
diversity gains from measurements. Our sampling rate, although inadequate to measure angular 
fade correlation, yields valid first order statistics for all directions.  We note that the first order 
statistics determine the likelihood of power from any given direction falling below the values 
obtained from another, provided that the samples are independent. Thus our angular spectra, which 
contain essentially uncorrelated samples, allow us to estimate the performance of a diversity 
system for the optimistic case of uncorrelated angular fades. We thus consider as a baseline an 
ideal angular selection combiner that at each instant chooses the largest power over all directions. 
This is compared with aiming in a fixed direction that is only updated at intervals adequate to track 
  
(slow) changes in user positions. The fixed direction is chosen as the one which has resulted in the 
best average power over previous scans We chose 2-second averages, i.e. 10 scans. We calculated 
the empirical CDFs of the power loss in [dB] resulting from fixed aiming in comparison to picking 
the largest power at each rotation. We present in Table 3 the median and the 90-percentile power 
losses, which are generally very small.  Updating angular aim at each rotation yields slightly worse 
results (no more than 0.5 dB at 90-percentile), presumably because the system will react to a fade, 
which upon the next rotation is no longer there.   
                  Percentile 
Condition  
50% 90% 
Low Traffic LOS 0 dB 0.1 dB 
High Traffic LOS 0 dB 0.5 dB 
Low Traffic NLOS 0.1 dB 1.7 dB 
High Traffic NLOS 0.2 dB 3.7 dB 
Table 3: Performance loss statistics resulting from average-power-based antenna aiming  
 
It is also interesting to note that despite similar fade statistics, the loss is significantly less for LOS 
links.  The reason for this is that the benefit of beam-switching depends on two factors, the 
existence of fades in the first place and the availability of an alternative direction providing a 
stronger signal, i.e. the existence of multipath. LOS links are less likely to have strong alternative 
signal paths, which is equivalent to an unbalanced diversity system. To further explore this, we 
obtained statistics for the difference in temporal average power (in dB) between the strongest and 
second strongest arrival direction, considering all links. We found that while these statistics are 
essentially unaffected by the presence of pedestrians, the LOS/NLOS condition is very significant. 
The power difference between the best and second-best direction, averaged over all our spatial 
locations, was found to be 14.7 dB for LOS links but only 3.4 dB for the NLOS case.  
  
VII. ESTIMATES OF ACHIEVABLE INDOOR RATES 
Coverage and achievable rates are estimated for a canonical building, based on path loss models 
and gain degradation distributions obtained from the measurements. The building, illustrated in 
Figure 10, shaped as “sideways H”, has two 100 m long parallel corridors, joined by a 20 m-long 
corridor. Terminals are placed randomly in rooms on either side of the corridors. The two base 
stations, indicated by red stars, are placed in the middle of the hallways.  All links are thus NLOS, 
with propagation losses impaired at least by corridor-room penetration loss (~32 dB). Terminals 
not adjoining the corridor where the base is placed suffer an additional loss exceeding 25 dB for 
each corner turned. The combined excess loss of 57 dB assures that signals that suffer both effects 
are below noise in the system under consideration. This motivated the placement of base stations 
here: every corridor needs to be illuminated by a base station to assure coverage. For the placement 
indicated, the system is noise-limited due to high isolation (~ 32 dB) between corridors. 
Each base station is assumed to have the power of 30 dBm, with antenna gain of 24 dBi, while the 
terminal antenna gain is 5 dBi, with noise figure of 10 dB and system bandwidth of 1 GHz. Each 
terminal is served at a time, with antenna switching between a fixed number of directions. Only 
fixed aim down the corridor is needed, as it has been found in this environment that the signals 
travel along corridors and the 10o base antenna beam width fills the corridor width within the first 
10 meters, making fine aiming at individual terminals ineffective. The assumed effective gain 
degradation was taken as following the observed distribution, labeled “NLOS 10o horn in the 
hallway” in Figure 8. Thus the lower base needs to switch between 3 beams: North, East and West, 
while the upper base has two beams: East and West. 
 
  
 
Figure 10. Simulated building layout, with 2 base stations in the corridors (red stars) and all terminals 
(blue circles) placed in rooms adjoining the corridors. 
 
The resulting SINR and Shannon sum rate distributions per access point are shown in Figures 11, 
12, respectively. At the 10th percentile (90% availability), the SINR is about 0 dB and Shannon 
rate is 1 Gbps. Naturally these rates need to be shared among active users. These results may be 
contrasted against rates with an identically arranged 2 GHz, 10 MHz-wide system with 5 dBi 
antennas at both ends and 30 dBm of transmit power. The 2 GHz path loss was obtained from the 
28 GHz model found here after reducing the loss by 34 dB to account for f2 and 12 dB of additional 
room penetration loss discussed above. The 5 dBi antenna gains at 2 GHz were taken as 
undegraded due to the already wide beams. It is seen that the rates achievable by the 28 GHz 
system are about 10x the rates of the lower frequency system at the 10%, with a larger gap at the 
median. The rate increase is primarily due to a higher bandwidth available. 
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Figure 11. SINR distributions for 28 GHz, 1 GHz-wide, 24 dBi AP and 2 GHz, 10 MHz-wide, 5 dBi AP   
 
 
Figure 12. Access point sum rate distributions for 28 GHz, 1 GHz-wide, 24 dBi AP and 2 GHz, 10 MHz-
wide, 5 dBi AP   
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VIII. CONCLUSIONS 
Extensive measurements (over 1000 links, each containing at least ten 360-degree scans in 
azimuth) of path loss, achievable azimuth gain and temporal fading were collected at 28 GHz in 
two office buildings using a specially constructed narrowband sounder that included a 10o receive 
horn rotating at 300 rpm. Path loss distance dependence was found to be well represented by slope-
intercept models, with slopes slightly less than 2 in hallways and about 2 in NLOS conditions. 
Excess loss in NLOS, where impairment included both penetration into rooms as well as turning 
corners, was on the order of 30 dB per impairment, 12 dB more than room penetration loss found 
at 2 GHz. Achievable azimuth gain, measured with a 10o horn placed in the hallway, was found to 
be degraded by no more than 4.5 dB in 90% of locations.  
Temporal fading due to pedestrian motion, seen by a stationary terminal, did not exceed 4.1 dB at 
the 90th percentile even for NLOS links with strong pedestrian presence, while 5 dB fades occur 
less than 8% of time and 10 dB fades occur less than 2% of time. The duration of such fades is of 
the order of only a few milliseconds. Beamsteering or angular selection diversity based on 
commensurately fast CSI updates is of very limited effectiveness in comparison to selecting the 
best direction using only long-term power averages. This is explained by the fact that alternative 
signal paths are, on average, significantly weaker than the dominant one, particularly for LOS 
links. 
System performance simulations using the observed path loss and azimuth gain degradations in a 
representative indoor office building indicated that 1 Gbps sum rates are possible to deliver to 90% 
of locations at ranges reaching 50 meters in NLOS, provided an access point was deployed in every 
hallway (to allow reaching into offices).  
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